Cheese flavor compounds are derived from the metabolic activities of the microbial community living inside the cheese matrix, especially the starter culture Lactococcus lactis (32) . The recent publication of the genome sequence of L. lactis subsp. lactis IL1403 opened many new research opportunities to explore the metabolic capacities of this bacterium (2) . The draft sequence of Lactococcus lactis subsp. cremoris SK11 (http: //genome.jgi-psf.org/draft_microbes/laccr/laccr.home.html) adds another dimension for study of this genus during dairy fermentations.
Lactococci experience a variety of stresses, including acid, temperature, and osmotic shocks during cheese production and ripening (33) . Gene regulation induced by these stresses directly influences the fermentation process and flavor compound generation in cheese. Hence, it is important to systematically evaluate the impact of environmental stress on expression of central metabolic genes. Before the existence of DNA microarray technology, two-dimensional gel electrophoresis was the only tool available for studying global effects in this microorganism (9, 12, 13, 16) . With the availability of whole genome sequences, DNA array technology has emerged as the primary high-throughput tool for simultaneously monitoring the expression patterns (29) . The major barriers preventing the implementation of array technology are the high cost, the technical complexity associated with the current generation of DNA microarrays, and the complex data analysis of the patterns. Recently, we developed a low-cost oligonucleotidebased filter DNA macroarray that greatly reduces these barriers (35, 36) .
In this study, we designed a metabolic gene-focused DNA macroarray, using 22-to 24-mer probes to study expression of the metabolic genes in L. lactis subsp. lactis IL1403 during stress conditions associated with dairy fermentations. Several known stress-associated genes were used as controls for each stress condition. We found that expression of the control set of genes matched previously published results. This result was used as a control to ensure data integrity for other observations. As a group, the expression patterns of investigated metabolic genes were significantly altered by heat, acid, and osmotic stresses (P Ͻ 0.01). Specifically, 13 to 18% of the investigated genes were differentially expressed during each of the environmental stress treatments.
MATERIALS AND METHODS
Bacterial strains. L. lactis subsp. lactis IL1403 (courtesy of Larry McKay, University of Minnesota) is a plasmid-cured strain that lacks lactose transport and utilization genes, the cell envelope protease, a citrate transporter, restriction-modification systems, and other plasmid-encoded features. IL1403 was grown at 30°C overnight without shaking in M17 broth (Difco, Sparks, Md.) supplemented with 0.5% glucose (M17G).
Design and fabrication of an oligonucleotide-based DNA macroarray. A DNA macroarray was designed based on the published L. lactis subsp. lactis IL1403 genome sequence (2) . A modified version of Primer3 was used to design the oligonucleotide probes (27) . The criteria used for oligonucleotide candidate selection were length (22-to 24-mer), melting temperature (63 to 65°C, calculated based on a 50 mM salt concentration and a 50 nM DNA concentration), GC percentage (40 to 60%), absence of significant secondary structures, and at least four mismatches with any sequence in the genome. The sequences and some characteristics of 384 oligonucleotide probes (including controls) used in this study can be found at a supplemental web site (http://labgenome.usu.edu /macroarray/). Among 384 oligonucleotides, 375 probes selected for their corresponding gene targets were annotated to have roles in protein degradation or in carbohydrate, fatty acid, nucleic acid, and amino acid metabolism (2) . The additional nine probes included four positive control probes designed from the spiked Arabidopsis thaliana genes and five negative control probes, including an empty spot, a random 15-mer probe, a probe designed from a reverse complementary strand of dnaK, and probes derived from the plasmid-encoded genes prtP and prtM. Probes were synthesized with standard desalting purification (Sigma-Genosys, Austin, Texas). The synthesized oligonucleotides were resuspended in nuclease-free water to a normalized concentration of 100 M.
A polyinosine tail was added to each oligonucleotide by using a terminal transferase reaction (35, 36) . Each tailing reaction mixture (volume, 10 l) was composed of 100 pmol of oligonucleotide, 100 nmol of dITP (Roche Applied Science, Indianapolis, Ind.), 20 U of terminal transferase (New England BioLabs, Beverly, Mass.), 5 mM CoCl 2 , 0.2 M potassium cacodylate, 0.25 mg of bovine serum albumin/ml, and 25 mM Tris-HCl (pH 6.6). The tailing reactions were incubated at 37°C for 2 h. Tailed oligonucleotides were spotted onto a positively charged nylon membrane (Millipore, Bedford, Mass.) with a manual arrayer (VP Scientific, San Diego, Calif.) and fixed by baking the membrane at 80°C for 30 min. The printed arrays were stored at room temperature in plastic bags until used.
Stress treatments. Cultures of L. lactis subsp. lactis IL1403 grown overnight in M17G broth were harvested by centrifugation at 5,000 ϫ g for 10 min at 4°C, washed in 0.85% NaCl, and refreshed with fresh M17G broth for 10 min at 30°C. The cells were re-collected by centrifugation at 5,000 ϫ g for 10 min at 4°C and resuspended in fresh broth or stress conditioning media as specified below. The cell densities in the treatment media were adjusted to an optical density at 600 nm of 1.5.
The medium for the control (no stress treatment) and the heat shock treatment was sterile M17G broth. The acid stress medium was sterile M17G broth adjusted to pH 5.5 with lactic acid, and the osmotic shock medium was sterile M17G broth supplemented with NaCl to a final concentration of 4%. For all treatments, except heat shock, cultures were incubated at 30°C. Heat shock samples were incubated at 42°C. The total RNA was collected (as described below) after 30 min of incubation in each stress condition. The cell density (optical density at 600 nm) and pH of the medium for each condition were determined at the time of RNA isolation. The experiments, including the control, were biologically replicated twice. In addition, each biological replicate also contained two technical duplicates on each array.
Total RNA isolation. Cells from 1.5-ml cultures were collected by centrifugation at 16,000 ϫ g for 2 min at room temperature, resuspended in 50 mM EDTA (pH 8.0) containing 50 mg of lysozyme (Sigma, St. Louis, Mo.)/ml, and incubated for 10 min at 25°C. After centrifugation at 5,000 ϫ g for 1 min, the pellet was resuspended in 300 l of the Lysis/Binding solution supplied in the RNAqueous kit (Ambion Inc., Austin, Tex.). The total RNA was subsequently extracted according to the manufacturer's recommendations. Additional contaminating genomic DNA and protein were removed by using the RNeasy kit (QIAGEN, Valencia, Calif.) according to the manufacturer's recommendations with an additional LiCl precipitation after using the kit. With this protocol, we routinely isolated about 100 to 200 g of bacterial total RNA with an A 260 /A 280 ratio of 2.0 to 2.2. The mRNA transcripts (1 ng each) of RCP1 and XCP2 genes from A. thaliana (Stratagene, La Jolla, Calif.) were added before isolation of total RNA and used as the positive controls for RNA extraction.
Labeling of total RNA with biotin. Biotin was incorporated into the cDNA from the RNA transcripts with an indirect labeling procedure (35) . Briefly, 100 g of total RNA was reverse transcribed into cDNA with random hexamers and Superscriptase II (Invitrogen, Carlsbad, Calif.). The reverse transcription procedure described by the manufacturer was used, except that the deoxynucleoside triphosphate (dNTP) was replaced with an aminoallyl-dNTP mixture (aa-dNTP). The 20ϫ aa-dNTP stock mixture was composed of 10 mM dATP, dGTP, dCTP, 4 mM dTTP, 0.1 mM ddATP (Invitrogen), and 6 mM aminoallyl-dUTP (Sigma). Once reverse transcription was complete, the enzyme was heat inactivated and the RNA templates were degraded with RNaseH (Epicentre, Madison, Wis.). The reaction mixture was cleaned by using the Qiaquick-PCR purification kit (QIAGEN) according to the kit instructions, except that the Tris-containing washing buffer was replaced with 75% ethanol. The purified single-strand cDNA was eluted from the columns twice with a total of 100 l of phosphate-buffered saline buffer (pH 7.2). Two hundred micrograms of Sulfo-NHS-LC-biotin (Pierce, Rockford, Ill.) was added to the purified amino-labeled single-strandcDNA solution to reach a final concentration of 2 g/l, and the mixture was incubated at 25°C for 1 h. The reaction was terminated by adding 24 mol of hydroxylamine. After incubation with hydroxylamine at 25°C for 15 min, the labeled DNA was purified by using a Qiaquick-PCR purification kit. The total 100-l eluted DNA mixture was heated at 100°C for 5 min and snap-cooled on ice for 5 min. All the labeled target cDNA was added to 10 ml of freshly prepared prehybridization buffer (see below) and hybridized with a printed array. The mRNA transcripts (1 ng each) of the LTP4 and LTP6 genes from A. thaliana (Stratagene) were spiked into the purified total RNA mixture before the RNA labeling reaction and used as the positive controls for the labeling reaction.
Hybridization and detection. The DNA macroarrays were prehybridized for at least 1 h at 52°C in a 150-ml prehybridization solution composed of 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% N-laurosylsarcosine, 0.02% sodium dodecyl sulfate (SDS), and 1ϫ blocking reagent (VectorLab, San Diego, Calif.). After prehybridization, 10 ml of fresh hybridization solution was mixed with labeled DNA targets and added to the hybridization tube to replace the prehybridization solution. After hybridization at 52°C overnight, the membrane was washed twice at 50°C for 5 min with a washing solution containing 2ϫ SSC and 0.01% SDS. A stringent wash was conducted twice with a wash solution (0.5ϫ SSC and 0.01% SDS) at 50°C for 15 min. The biotin-based chemiluminescence detection step was conducted using the North2South hybridization and detection kit (Pierce) according to the kit instructions, except that the blocking time was extended from 15 min to 1 h. Each membrane array was exposed to chemiluminescent films (Roche Applied Science) with an exposure time of 60 min.
Data analysis of DNA macroarray results. The exposed films were digitized into 16-bit TIFF images with a desktop scanner at 800 dots per in. (Expression 1600; Espon, Long Beach, Calif.). Subsequently, the images were processed with an ImageJ plugin using a semiautomatic gridding procedure and a bivariate Gaussian distribution model-based spot segmentation algorithm (35) . Based on spot diffusion and spatial correlation of pixel intensities in a spot, this algorithm estimated the spot intensity and background from a spot even when the spot was saturated (36) . Practically, this spot-finding algorithm was found to extend the dynamic range of array data from 2 orders of magnitude in the original film data to 4 orders of magnitude or more (35, 36) . The practical limitation of this algorithm resulted from overlapping between neighboring spots and was therefore determined by both the spot size and the pitch of the array. The smaller the spot size and the larger the pitch size, the higher the dynamic range could be extended.
Statistical analysis. We utilized an adapted locally weighted regression scatter plot smoothing (LOWESS)-based procedure to normalize background-corrected DNA macroarray data. Although the LOWESS-based normalization procedure was originally developed for normalization of two-color DNA microarray data (37) , it has been widely adopted in the data normalization of "single-color" array formats, even in Affymetrix array data normalization procedures (8) . The reason for the widespread applicability of this normalization procedure was that it is based on an assumption that was held for any array formats: specifically, that the majority of genes were not differentially expressed between treatments. Briefly, background-corrected DNA macroarray data were used as the intensity in one channel and normalized to a common reference in another channel by following a global LOWESS procedure. The common reference used in normalization was generated via averaging the expression intensities of each gene over the control and treatment conditions. The statistical significance of differential gene expression was calculated with a statistical package called SAM (31) .
RESULTS
Design of oligonucleotide probes for DNA array. Proper design of oligonucleotide probes is critical to the success of open reading frame-specific oligonucleotide array analysis. Because of the small genome size of L. lactis subsp. lactis IL1403 (2.4 Mb), a very stringent criterion for probe specificity was applied in oligonucleotide design (i.e., at least four mismatches in a 21-or 22-mer probe with any nontarget sequence in the genome). An exhaustive genome-wide search for homologs was conducted for each oligonucleotide candidate to ensure its specificity for the targeted gene and to reduce cross-hybridization with non-target gene sequences.
The specificity of the oligonucleotide probes was demonstrated experimentally from DNA macroarray hybridization results, using a subset of the genes that are duplicated and highly homologous (Fig. 1 ). Lack of cross-hybridization between these sequences was illustrated in an array hybridization result with the duplicate copies of the arcC and arcD probes (Fig. 1A) . These genes have three and two homologs in the IL1403 genome, respectively (2) . The oligonucleotide probes designed in this study differentiated the expression of each gene from that of its paralogues. The specificity of this DNA 1B) . Except for the random 15-mer spots, all negative spots had signals in the range of background intensity levels. L. lactis subsp. lactis IL1403 under environmental stresses. Gene expression profiles of L. lactis subsp. lactis IL1403 during heat, acid, and osmotic stresses were determined. The array contained 375 oligonucleotide probes that corresponded to a set of genes that are differentially expressed during stress conditions. These probes were used as an internal control for reliability of the resulting data. Another portion of the oligonucleotide probes corresponded to genes involved in carbohydrate, fatty acid, nucleic acid, and amino acid metabolism and protein degradation pathways in L. lactis subsp. lactis IL1403 (2, 15) .
During the 30-min incubation under the stress conditions, the cell density of the nonstressed control culture increased ϳ26%, while cell densities during heat, acid, and salt stresses increased 27, 20, and 10%, respectively. The pH of the media dropped from 7.2 to 6.2 in the stress control culture to 6.4 during salt stress and to 6.1 during heat stress. The pH of lactic acid stress conditions started at pH 5.5 and decreased to 5.1 during 30 min. For comparison, an overnight culture of L. lactis IL1403 grown in M17G had a pH of ϳ5.5. Our observations indicate that treatment with 4% NaCl induced osmotic stress and had a larger effect on the growth and acid production than did the other two stress treatments.
(i) Expression of the control set of stress genes. The control set of genes that are regulated by environmental stresses and assessed with the DNA array in this study are listed in Table 1 . Expression of the heat shock gene dnaK was induced 8-fold during heat stress, and its expression increased ϳ2-fold with FIG. 1. Probe specificity during hybridization. L. lactis subsp. lactis IL1403 is analyzed after 30 min of growth in M17G at pH 7.0 (i.e., control condition as described in Materials and Methods). (A) Hybridization image demonstrated no cross-hybridization between genes with homologous sequences in the IL1403 genome. The arcA, arcB, arcC1, arcC2, arcD1, and arcD2 genes encoded proteins involved in the arginine deiminase pathway and belonged to arc gene clusters containing multiple promoter regions (4). (B) Box plot demonstrates low nonspecific hybridization in negative control probes (i.e., an empty spot, a random 15-mer, a probe designed from reverse complementary strand of dnaK, and probes from the plasmid-borne genes prtP and prtM). Box plot group 1 consisted of the signal medians in negative spots (before background correction), while group 2 consisted of the background medians in negative spots. acid stress. This is strikingly similar to previously published results, where Northern blots or two-dimensional gel electrophoresis showed that dnaK was induced ϳ8-to 10-fold after 30 min of heat shock (11, 16 ) and ϳ2-fold by acid treatment (13) . In addition, citrate and malate fermentation genes in acid stress (citE-citF and mleS), glutamine transporter genes in acid stress (glnP-glnQ operon), and the compatible solute glycinebetaine transporter (busAA-busAB) in both osmotic and heat stresses were also expressed, which was consistent with reported results under the stress conditions (10, 19, (21) (22) (23) (24) .
(ii) Stress responses during heat shock. During the 30-min, 42°C heat treatment, 64 genes were differentially expressed relative to the control stress condition (Table 2) . Thirty-four of those genes were positively regulated, and the other 30 genes were negatively regulated. Expression of a putative amino acid ABC transporter (yjgC-yjgD-yjgE) increased significantly (␣ Ͻ 0.001), along with that of several other amino acid transporters (ydcC, ydgC, and yvdF), while several peptide transport genes (dtpT, optB, optC, optD, and optF) in the lactococcal proteolytic system were repressed ϳ20-fold. In addition, heat shock changed the expression of genes involved in the nucleotide salvage pathway, methionine biosynthesis, glutamine uptake and biosynthesis, arginine catabolism, and betaine uptake. Induction of betaine transporter was consistent with a previous observation that the betaine transport activity in L. cremoris NCDO763 increased with a high growth temperature (10) . This might be attributed to the thermoprotectant function of betaine (3). The dnaK gene, which was used as an internal positive control, was expectedly induced eightfold in this treatment.
(iii) Stress responses during acid stress. Lactic acid stress altered the expression profiles of 50 genes compared to the control growth condition after the 30-min treatment (Table 2) . Twenty-four genes were induced and another 26 genes were repressed during the stress. As in the heat stress response, the proteolytic system was predominately repressed by acid stress. The expression of the ␤-glucoside-specific phosphotransferase system (PTS) (yedE-yedF) was repressed more than 100-fold. This was the largest decrease in expression observed in this study. Among the genes induced during acid stress, both the choline transport genes (choQ-choS) and tryptophan biosynthesis genes were induced approximately 20-fold. In addition, the citrate and malate fermentation genes (citE, citF, mleS, and ldh) were induced 2-to 15-fold in this treatment. The exchange of the divalent substrate citrate or malate with the monovalent fermentation product lactate would generate a membrane potential and maintain the pH gradient across the membrane (19, 23) . Interestingly, the plasmid-encoded citP citrate/lactate antiporter was missing in L. lactis IL1403. This indicated that an additional transporter system exists in IL1403 that compensates for the transport function of the CitP protein.
We also observed that the expression of glutamine biosynthesis and transport system genes (glnA and the glnP-glnQ operon) was repressed during heat stress. This is significant, since the intracellular glutamine pool is the central control point for gram-positive bacteria to control nitrogen flow during metabolism (30) . Disruption of glutamine transporter genes (glnP-glnQ) confers strong lactic acid resistance in lactococci (24) . This observation warrants further investigation to determine regulation of nitrogen flux in lactococci.
(iv) Stress responses during osmotic stress. During the 30 min of osmotic stress with 4% salt, 68 genes were differentially expressed relative to the control growth condition ( Table 2) . Half of those genes (34 genes) were positively regulated, while the other genes were negatively regulated. As expected, the genes involved in the compatible solute glycine-betaine transport (busAA-busAB) were induced 60-fold (21) . The other genes induced during osmotic stress were involved in nucleotide salvage, glutamate biosynthesis, lysine biosynthesis, and peptidoglycan biosynthesis. The heat shock gene dnaK was also induced after osmotic stress treatment, as expected (16) . The genes involved in fatty acid biosynthesis, citrate and malate fermentation, and the arginine deiminase pathway were repressed. Repression of fatty acid biosynthesis gene expression may be reflective of the low growth rate during osmotic stress, since the growth rate is commonly correlated with fatty acid synthesis in bacteria (18, 20) . In addition, gene expression of related proteolytic enzymes and the ␤-glucoside-specific PTS system were also repressed during osmotic stress, as in the other two stress responses.
DISCUSSION
Previously, a member of our group used oligonucleotide probes (40-mers) to monitor the expression profiles of genes involved in the arginine deiminase pathway in L. lactis with a protocol similar to a reverse Northern blot (4) . In the present study, this approach was expanded to study metabolic gene The threshold for the software package SAM was minimal two-fold change in expression ratio and maximal false discovery rate of 1%. b An empty slot indicated no significant change between the control and the treatment. ϩ, gene expression was induced under the stress condition than in control condition; Ϫ, gene expression was repressed under the stress condition.
c In heat shock responses, the median number of genes whose expression was falsely called significant was 0.46, with a median false discovery rate of 0.72%. That is, on average we expected less than one false positive in this column.
d In acid shock responses, the median number of genes whose expression was falsely called significant was 0.42, with a median false discovery rate of 0.85%. That is, on average we expected less than one false positive in this column.
e In osmotic shock responses, the median number of genes whose expression was falsely called significant was 0.45, with a median false discovery rate of 0.66%. That is, on average we expected less than one false positive in this column.
f See references 2 and 15. CoA, coenzyme A. Dashes in EC numbers indicate enzyme family, but not specific member.
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expression during environmental stress conditions with even shorter oligonucleotide probes. The primary advantage of short oligonucleotide probes in DNA arrays is their high specificity. For example, the expression levels of the alcohol dehydrogenase paralogues with 88% identity (adh1 and adh2) in yeast were indistinguishable with a cDNA array but were specifically detected using a 30-mer oligonucleotide probe array (6) . In order to minimize the possibility of cross-hybridization between homologues, a very conservative criterion for probe selection was adopted, that is, at least four mismatches to nonspecific genes in 22-to 24-mer oligonucleotide probes.
Other investigators also demonstrated that three mismatches in a 30-mer oligonucleotide probe are sufficient to differentiate the expression of genes with Ͼ90% identity (26) . The effectiveness of this criterion was clearly demonstrated in this study by the lack of cross-hybridization between arcC and arcD paralogues in the IL1403 genome (Fig. 1) .
In this study, we examined the transcriptional responses of L. lactis IL1403 during heat, lactic acid, and osmotic stresses. The stress conditions (30 min at each stress treatment) were derived from previous studies (12, 13) with the goal of verifying the array data with a large set of internal control probes and with multistep events during gene expression. This also offered a mechanism for assessing reproducibility of the array information during the stress treatments. However, it is noteworthy that the intention for these conditions was not to exactly mimic the stress conditions present during cheese production and storage but rather to estimate the impact of stress on cellular responses. For example, both acid and heat stresses occur gradually during cheese making. In the cheese-making process, lactic acid stress occurs over several hours during the initial fermentation period, where lactose is converted into lactic acid by the bacteria added to the milk. After milk coagulation with rennet and curd cutting, heat is gradually applied over a period of 30 min to control the activity of bacteria and to remove whey. Osmotic stress occurred rapidly during salting of milled curds, which was used to stop further acid development, provide an element of flavor, and help preserve the final cheese. Although the stress models used in this study were not intended to exactly replicate these conditions, they simulate the gradual and serial stress treatments as in real-world cheesemaking processes. Gene expression data provide a guide for further investigation that does mimic cheese production and ripening. The array data also provide initial insight into the metabolism of lactococci during stress with a system-wide perspective and into how the cell deals with environmental stress with the lack of a battery of sigma factors that are found in other gram-positive organisms.
Studies defining the role of environmental stress responses for L. lactis are described extensively (25, 33) . Previous work is especially rich in reports on heat, acid, and salt stresses, since these are the stresses that starter culture would regularly encounter during industrial use (7, 12, 13, 24) . The rich source of information provided us an opportunity to compare and contrast array results with those of previous studies done with traditional genetic, physiological, and biochemical approaches. As such, we took this opportunity to compile a list of known stress responses of L. lactis from previous work and used them comparatively with the results from our DNA macroarray to provide a set of control data that can be captured only using arrays (Table 1) . In all cases where information was available in the literature, the observations from array expression profiling were consistent with those in previously published studies. This close agreement between our results and those in the broad body of literature provides a high level of confidence in the performance of the DNA macroarray protocol that leads us to make confident observations about new responses that have not been previously described during stress experiments.
The transcriptional regulation of purine metabolism and the upstream pentose-phosphate pathway genes have important implications in the stress resistance in L. lactis subsp. cremoris MG1363 (7, 24) . With transposon mutagenesis, disruption of the hpt, relA, guaA, deoB, or tkt gene in MG1363 conferred on the bacterium resistance phenotypes for heat and/or acid stress. This was explained by the alteration in the intracellular (p)ppGpp pool and induction of the stringent response that subsequently led to a multistress resistance phenotype (7, 24) . IL1403 followed this regulation scheme with both heat and osmotic stresses but not with acid stress. For example, deoB was repressed with heat stress, and tktA was repressed with osmotic stress. In addition, the ribose-phosphate pyrophosphokinase (prsA-prsB) operon was induced during osmotic stress. Since ribose-phosphate pyrophosphokinase and phosphopentomutase (deoB) share ribose-5-phosphate as a substrate, induction of prsA-prsB would confer a phenotype similar to that with repression of deoB. Differential expression of GTP pyrophosphokinase (relA) under osmotic stress also provided direct evidence for the involvement of stringent response. IL1403 utilizes acid resistance mechanisms different from those of MG1363. For example, lactic acid resistance for strain MG1363 is chloramphenicol sensitive (25) , while it is not for IL1403 (13) . Our array data indicated this phenotype might be related to the differential expression pattern of the deoB gene between the two strains. The deoB gene encodes phosphopentomutase, a key enzyme in the purine salvage pathway (24) . In IL1403, deoB was induced more than threefold with acid stress (Table 2 ). In contrast, the transposon insertion in deoB of MG1363 exhibited enhanced survival rates with acid stress treatments (24) , which implies that repression of this gene in wild-type MG1363 would lead to a similar acid tolerance response. In conjunction with chloramphenicol sensitivity data, we suspected that while MG1363 relied on induction of a stringent response for acid resistance, IL1403 probably utilized a nonstringent response mechanism to resist the acid damage.
Proteolysis is one of the primary metabolic activities that is required to maintain the growth of lactococci in a high-proteincontent medium, such as milk (17) . The lactococcal proteolytic system is primarily composed of the following: (i) a cell envelope proteinase (encoded by plasmid-borne prtP), (ii) transport systems for oligopeptides (encoded by the opp operon), and (iii) a multitude of intracellular peptidases (17) . In addition to lacking the plasmid-encoded prtP, IL1403 is also defective in expression of the opp operon (corresponding spot intensities in our DNA macroarray were similar to background levels in all examined conditions). However, the opt operon (also known as dpp), encoding a functional di/tri-and tetrapeptide permease system (28), was actively expressed in IL1403. With all three stresses, both opt and dtpT (another di/tri-peptide transporter) were repressed, while several amino acid transporters with unknown specificity were induced during heat stress. Peptidase expression was largely unaffected by any stress condition, with the exception of pepDA and gcp. These data indicate that lactococci reduced its ability to transport large extracellular peptides during stress treatments and increased its ability to transport short peptides and amino acids. Since peptide degradation and downstream amino acid catabolism are critical in cheese flavor production (32), our observations highlight the potential importance of limited autolysis providing substrate access for subsequent flavor development during cheese ripening (5). Alternatively, lactococci require extracellular hydrolysis of large proteins to short peptides and amino acids prior to transport for use as flavor precursors.
Amino acid metabolism in lactococci is one of the key processes for flavor compound formation in cheese (32) . One of the most unexpected findings in this study was the transcriptional response of sulfur amino acid metabolic genes during the stress treatments. During heat shock, the metA-metB1 and metB2-cysK operons, which encode proteins used for methionine and cysteine biosynthesis, were induced 25-and 5-fold, respectively. The net result from this induction would lead to accumulation of intracellular methionine during heat shock. In contrast, the methionine synthase (metE) was repressed in acid stress, with a concomitant induction of metK, a gene involved in methionine catabolism. This expression pattern would result in a reduction of the internal methionine pool during acid stress. The concentration of intracellular methionine is an important parameter in cheese flavor production, because it is a precursor to methanethiol, one of the primary flavor compounds found in Cheddar cheese (34) , and is used in many other metabolic processes for cell growth. It is unclear how sulfur amino acid metabolism was involved in heat and acid stress resistance, although methionine metabolism is known to play a central role in DNA metabolism, single-carbon metabolism, oxidation/reduction status, and cellular energy.
The arginine deiminase pathway in lactococci is important in the regulation of intracellular pH and in providing energy during carbohydrate starvation (4) . Surprisingly, the genes that comprise the arginine deiminase pathway in IL1403 were not significantly induced during acid stress. This is consistent with our physiological data, where IL1403 had diminished abilities to metabolize arginine to produce ammonia and neutralize acids in the media than strain ML3 (L. Chou, Y. Xie, and B. Weimer, unpublished data). Interestingly, arginine deiminase pathway genes were repressed in both heat and osmotic stress treatments. Repression of the arginine degradation pathway during heat shock was also observed in Bacillus subtilis (14) . While the majority of the genes were regulated by individual stress treatments, several genes were simultaneously controlled by two or three stress conditions (Fig. 2) . A number of stress responses were common in all the stress treatments, such as repression of several transporter genes (yedE, optB, optF, and arcD2) and induction of two nucleotide kinase genes (dukA and yfiG). In addition, there were also groups of genes coregulated by two different stress treatments (Fig. 2) . A total of 10 genes had similar gene expression patterns under both heat and osmotic stress treatments. Since both heat and osmotic stresses induced the stringent response in IL1403, we expected that some of this regulation might belong to the general stress protection mechanism directly or indirectly induced by the stringent response. Similarly, eight genes and six genes were coregulated in both heat and acid stresses and in both osmotic and acid stresses, respectively. Because of the sensitivity and noise issues of DNA arrays, it is not surprising that some of these dual-stress resistance genes are coregulated as multistress resistance groups, such as arcA, dnaK, thyA, pnpA, and yedE. For example, the heat shock protein DnaK is known to be induced in all stress treatments (1, 13, 16) .
In conclusion, we successfully used a filter-based oligonucleotide DNA macroarray protocol to profile transcriptional-level stress responses of L. lactis subsp. lactis to several stress conditions commonly found during fermentation. Approximately 13 to 18% of the arrayed genes were differentially expressed in each of the stress treatments. Our array results agreed well with previously reported observations and provided a useful tool as an internal control for the array to increase confidence in the results. More importantly, new insights into the stress responses of L. lactis subsp. lactis IL1403 were observed from a global regulation perspective. For example, the methionine biosynthesis pathway was induced during heat shock, but methionine utilization pathways were induced during acid stress. L. lactis IL1403 remodeled the transporter used for peptide transport during stress treatments, while expression of the peptidase complement remained relatively unchanged. In addition, our data provide an explanation for differences between L. lactis IL1403 and MG1363 acid resistance mechanisms that were unexplained previously.
